ABSTRACT. This paper presents a clear-sky model, which has been developed in the framework of the new digital European Solar Radiation Atlas (ESRA). This ESRA model is described and analysed with the main objective of being used to estimate solar radiation at ground level from satellite images with the Heliosat method. Therefore it is compared to clear-sky models that have already been used in the Heliosat method. The and the elevation of the site, two factors that influence the incoming solar radiation. In return, it implies the knowledge of these factors at each pixel of the satellite image for the application of the Heliosat method.
• γ s is the solar altitude angle. γ s is 0° at sunrise and sunset;
• T L (AM2) is the Linke turbidity factor for an air mass equal to 2;
• m is the relative optical air mass;
• δ R (m) is the integral Rayleigh optical thickness.
The quantity :
represents the beam transmittance of the beam radiation under cloudless skies. The relative optical air mass m expresses the ratio of the optical path length of the solar beam through the atmosphere to the optical path through a standard atmosphere at sea level with the sun at the zenith. As the solar altitude decreases, the relative optical path length increases. The relative optical path length also decreases with increasing station height above the sea level, z. A correction procedure is applied, obtained as the ratio of mean atmospheric pressure, p, at the site elevation, to mean atmospheric pressure at sea level, p 0 . This correction is particularly important in mountainous areas. The relative optical air mass has no unit; it is given by Kasten and Young (1989) 
where z is the site elevation and z h is the scale height of the Rayleigh atmosphere near the Earth surface, equal to 8434.5 meters. The Rayleigh optical thickness, δ R , is the optical thickness of a pure Rayleigh scattering atmosphere, per unit of air mass, along a specified path length. As the solar radiation is not monochromatic, the Rayleigh optical thickness depends on the precise optical path and hence on relative optical air mass, m. The parametrisation used is the following (Kasten, 1996) : The discrepancy between both formula at m=20 is equal to 1.6.10 -2 , which is negligible (less than 0.1 per cent of
1/δ R (m) ).
All the variation of the beam transmittance with air mass is included in the product m δ R (m). 
The diffuse component
The diffuse irradiance falling on a horizontal surface for clear sky (or diffuse horizontal irradiance), D c , also depends on the Linke turbidity factor, T L (AM2), at any solar elevation. In fact, the proportion of the scattered energy in the atmosphere increases as the turbidity increases, and as the beam irradiance falls, the diffuse irradiance normally rises. At very low solar altitudes and high turbidity, however, the diffuse irradiance may fall with turbidity increase due to high overall radiative energy loss in the atmosphere associated with long path length. Thus, the diffuse horizontal irradiance, D c , is determined by: 
[ ] 
For very clear sky, the diffuse transmission function is very low: there is almost no diffusion, but by the air molecules. As the turbidity increases, the diffuse transmittance increases while the direct transmittance decreases.
Typically, T rd ranges from 0.05 for very clear sky (T L (AM2)=2) to 0.22 for very turbid atmosphere
The diffuse angular function, F d , depends on the solar elevation angle and is fitted with the help of second order sine polynomial functions:
The coefficients A 0 , A 1 , and A 2 , only depend on the Linke turbidity factor. They are unitless and are given by:
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with a condition on A 0 :
where T rb (T L (AM2) ) is a transmission function for beam radiation at zenith and F b is a beam angular function.
B c is set to 0 if equation 14 leads to a negative value. The computation of T rb is made at zenith, i.e. sun elevation is 90°. So, in this case the relative optical air mass m is given by p/p 0 . Thus, T rb is only dependent on the Linke turbidity factor for air mass 2 and on p/p 0 which is determinated by the site elevation:
has the form of a second order polynomial on the sine of the solar altitude, γ s , with coefficients solely dependent on T L (AM2): 
with the L ij coefficients listed in 
where Dl is the length of the day, i.e. 24 hours or 86400 seconds, and ω 1 to ω 2 are solar angles related to two instants t 1 and t 2 (expressed in decimal hour), according to the following equations:
The solar hour angle, ω, expresses the time of the day in terms of the angle of rotation of the Earth about its axis from its solar noon position at a specific place. As the Earth rotates of 360° (or 2π rad) in 24 hours, in one hour the rotation is 15° (or π/12 rad). In this equation,
and can be re-written 
cos( ) cos( ) cos( )cos( ) sin( ) sin( )cos( )cos( ) . cos( ) cos( )
where Φ is the latitude of the site (positive to the Northern Hemisphere) and δ is the declination (positive when the sun is north to the equator: March 21 to September 23). Maximum and minimum values of the declination are +23°27' and -23°27'.
The B i coefficients only depend on latitude, Φ, and declination at noon, δ. The transmission function T rb , and the C i coefficients only depend on the Linke turbidity factor for air mass 2. Thus all these factors can be computed only once for each day.
The daily integral is achieved by setting ω 1 equal to the sunrise hour angle, ω SR , and ω 2 to the sunset hour angle,
The daily sum of beam irradiation at different latitudes (30° and 60°), B cd , is displayed in figure 6 for various turbidities, as a function of the julian day. The daily sum decreases as the turbidity increases. The distribution over the year of the daily sum is more peaked as the latitude increases, and also as the turbidity decreases.
The diffuse component
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The diffuse horizontal irradiation, D c (ω 1 , ω 2 ), is computed by the analytical integration of the diffuse irradiance (equation 8) over any period defined by ω 1 and ω 2 , and is equal to:
with the coefficients D 0 , D 1 and D 2 given by: 
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where the A i coefficients only depend on the Linke turbidity factor for air mass 2 and have been given previously
The daily sum of diffuse irradiation at different latitudes (30° and 60°), D cd , is displayed in figure 7 for various turbidities, as a function of the julian day. The daily sum increases as the turbidity increases. The distribution over the year of the daily sum is more peaked as the latitude increases, and also as the turbidity increases.
Are both formulations equivalent ?
For each component of the irradiance, two empirical formulations have been proposed in sections 2 and 3. The first one (section 2) has been investigated for the assessment of irradiance (W.m -2 ), and gives instantaneous values of solar radiation. The second one (section 3) is more suitable to compute irradiation (Wh.m -2 ), since it offers an analytical function of ω, which is equivalent to the hour: thus, irradiance can be integrated analytically
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during appropriate time period (for instance one hour, or one day) in order to compute irradiation. To integrate irradiance, the method presented in section 3 decomposes both the beam and the diffuse components using transmission functions and solar angular functions. Irradiation can also be computed by numerical integration of the formulation of section 2 using fitting time steps. But, as discussed in section 3.1, an analytical integration is easier to handle than a numerical one.
Both formulations have been compared for the computation of the clear-sky beam horizontal irradiance (equations 1 and 14). Figure 8 displays both models for beam irradiance. The differences are small, they do not exceed 18 W.m -2 as shown in figure 9 and are less than 3 % for solar elevation above 25°. The diffuse irradiance has the same formulation in both sections. Therefore, the difference between the global irradiance in section 2 and section 3 is given by the difference between beam irradiances. Both formulations lead to very similar results and should be considered as equivalent for the assessment of the beam irradiance. Therefore, to compute the irradiation, the easiest-to-compute formulation should be preferred. The formulation of section 3 is the simplest and should be used to compute clear-sky irradiation.
The global irradiation
The clear-sky global irradiation is obtained as the sum of the clear-sky beam horizontal irradiation and the clearsky diffuse horizontal irradiation between two instants t 1 and t 2 , according to the equation 19.
The parameters ω 1 and ω 2 are respectively set to ω SR and ω SS for the computation of the daily sum of clear sky global irradiation:
The daily sum of global irradiation at different latitudes (30° and 60°), G cd , is displayed in figure 10 for various turbidities, as a function of the julian day. The daily sum decreases as the turbidity increases. The distribution over the year of the daily sum is more peaked as the latitude increases, and also as the turbidity decreases.
hal-00361373, version 1 -13 Feb 2009
Comparison with other clear-sky models
Comparison with clear-sky models used previously in the Heliosat method
In the original version of the Heliosat method, Cano et al. (1986) used the model of Bourges (1979) 
Comparison with other models
Other models taking into account the Linke turbidity factor and ground elevation have been compared to the [3.0 -6.5]. The remaining measurements were then compared to the three models of diffuse irradiance. This irradiance is also assimilated to the half-hourly irradiation for the comparison.
The model of Dumortier (1995) is defined only for solar elevation angles lower than 70°, and is given by the following expression:
with the conditions: γ S < 70° and 2,5 ≤ T L (AM2) ≤ 6,5.
The third model was developed at the University of Oldenburg (Beyer et al., 1997) using the radiative transfer code MODTRAN 3.5 (Kneizys et al., 1996) . Various simulations were made using various sets of parameters.
The following expression was found to well fit the outputs of MODTRAN: Figure 12 displays these three models for a Linke turbidity factor of 3 and 6. These models are quite similar for low solar elevation and diverge at high elevation.
For each remaining measurement, the three models were performed using the corresponding half-hourly T L (AM2) value. The differences between the model estimates and the observations were computed and then
hal-00361373, version 1 -13 Feb 2009
summarised as bias (estimates mean minus observations mean) and root mean square error (rmse) for each range of T L (AM2) and some ranges of solar elevation (Table 3) .
When comparing the different models, the results obtained show that the three clear-sky models give similar results. None of the models always gives the best results. However, one can note that the ESRA clear-sky model never gives the worse errors. Therefore it may be considered as the most robust of the three models. This property is a key point when automatic processing of large volumes of data is at stake. We have validated these conclusions with another dataset of seven stations which is more expanded in time :
from 1981 to 1990, but it offers a lower geographical coverage (Table 4 ). This dataset is extracted from the ESRA. Uccle offers half-hourly measurements of global, diffuse and beam irradiations, while only hourly sums of global and diffuse irradiation are available for the other stations.
The results computed over ten years show that even if the errors are similar for the three models, the ESRA model always gives the best results for all stations when considering average errors over the ten years. In Tables   5 and 6 are reported root mean square errors (rmse) and bias for the three models, and for two ranges of
The results are slightly the same for the different sites. There is still no significant dependence of the results on ground elevation or geographical location. Moreover, the differences in error observed in 1994 between two remote sites such as Sede Boqer and Vaulx-en-Velin are not higher than those observed between 1981 and 1990 for the different German stations. This low spatial variability allows to conclude that the model is not affected by the climate. The high temporal variability noted for Freiburg between results in 1993 or in 1997 is also observed for this ten-years dataset. For example, for a Linke turbidity factor ranging from 2 to 3. Tables 7 and 8 
Conclusion
We have analysed the models proposed by the new digital European Solar Radiation Atlas (ESRA) for the assessment of the irradiance and the irradiation under clear sky for both the beam and the diffuse components.
We have investigated the variations of these models with various parameters, namely the sun elevation and the Linke turbidity factor. The ESRA proposes two sets of models. One is best suited for the assessment of the irradiance. The other should be preferred for the computation of hourly irradiation and daily sum of irradiation.
We conclude that these models can be used in the framework of the Heliosat method, especially the second one, since the aim of the Heliosat method is to estimate solar irradiation received at ground level from satellite images.
The ESRA model has been compared to several other clear-sky models and has proved to be the most accurate as a whole, though other models lead to similar results.
Compared to the other models used up to now in the Heliosat method, the accuracy in the ESRA model is mostly Digital maps of ground elevation are currently available for the whole Earth with a spatial resolution suitable for the processing of images from the meteorological satellites. Accuracy elevation may be questioned in several parts of such maps. However the impact of this accuracy on the outputs of the ESRA model is less than the impact of an error on T L (AM2). This factor is hardly known everywhere and an effort should be devoted to its assessment at each pixel of the image, at least on a climatological basis, season by season.
These models have been coded in language C and should be available as sources at the WWW site Helioserve:
www-helioserve.cma.fr/. In this site, user can already simulate the clear-sky irradiation, given the geographical site, the elevation and the Linke turbidity factor. A database of the Linke turbidity factor has also been set up for about 700 sites. These values are available in this WWW site and can be used for a better assessment of the clear-sky radiation (Angles et al., 1998) .
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